A brief overview is given of the corrosion and hydrogen diffusion behaviors of high strength pipe steel in sour environment. Firstly, hydrogen adsorption and diffusion mechanism of the pipe steel is introduced. Secondly, the effect of iron sulfide film precipitated as a result of the corrosion reaction on the steel surface on hydrogen reduction reaction and subsequent hydrogen permeation through the steel is discussed. Moreover, the hydrogen diffusion behavior of the pipe steel under tensile stress in both elastic and plastic ranges is reviewed based on a number of experimental permeation data and theoretical models describing the hydrogen diffusion and trapping phenomena in the steel. It is hoped that this paper will result in significant academic contributions in the field of corrosion and hydrogen related problems of the pipe steel used in sour environment.
Introduction
The hydrogen atom is the smallest in diameter among the elements and it is readily adsorbed on the steel surface and diffuse into the steel matrix. It is generally known that the hydrogen atom introduced in the steel diffuses through the interstitial lattice of tetrahedral/octahedral sites 1) . Most commercial steels, however, contain a variety of metallurgical defects and imperfections such as dislocation, grain boundary, interface between steel matrix and precipitate/inclusion etc 2) . Due to higher energy state of the defects, hydrogen atom can be preferentially trapped at those sites reversibly or irreversibly. This process leads to significantly lower the mechanical properties such as ductility and/or fracture toughness, often resulting in hydrogen assisted cracking (HAC) failure 3, 4) . Especially, the ferritic steels used in the petrochemical industry such as linepipe steel or pressure vessel steel suffer frequently from the cracking problem when they are used in a sour environment containing H 2 S 5) . It is known that atomic hydrogen which results from the reduction of H + ions dissociated from H 2 S becomes the hydrogen molecule by the recombination reaction (H + H → H 2 ). Since H 2 S dissolved in aqueous environment suppresses this recombination reaction, the hydrogen atoms are easily adsorbed on the steel surface and diffuse into the steel matrix, which makes the steel more vulnerable to the HAC. The HAC problem can be classified into two categories depending on the source of hydrogen and stress level; one is hydrogen induced cracking (HIC)
occurring under no applied stress 5, 6) and the other is sulfide stress cracking (SSC) occurring under applied tensile stress or residual stress 7, 8) .
Especially, the HAC phenomenon appear predo-
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minantly in the weld joint due mainly to the tensile residual stress caused by the thermal expansion and contraction in the weldment during the welding process. The stress developed in a weld joint depends strongly upon the thickness, yield strength (YS) and geometry of the weld 9) .
With the HAC problem, the decrease in steel wall thickness caused by the anodic dissolution of the steel in sour environment has been one of the major issues for the development of sour-resistant pipe steel. Particularly, the iron sulfide film precipitated as a result of corrosion reaction on the steel surface affects critically the hydrogen evolution rate and subsequent hydrogen diffusion into the steel matrix 4) .
In the present paper, a brief overview of hydrogen adsorption and diffusion in the steel in sour environment is firstly introduced. Then, the effect of iron sulfide film precipitated on the steel surface on corrosion and subsequent hydrogen diffusion behaviors is discussed. Moreover, the hydrogen diffusion behavior of the pipe steel under tensile stress in both elastic and plastic ranges is explored based on a number of hydrogen permeation test results. With the experimental demonstrations, numerous theoretical models describing the hydrogen diffusion and trapping phenomena in the steel are also briefly reviewed in this paper.
Corrosion and hydrogen diffusion mechanism 2.1 Hydrogen adsorption mechanism in sour environment
The introduction of hydrogen into the steel is resulted from the adsorption of atomic hydrogen which is reduced from H + ion dissociated from H 2 S. For the reduction of H + ion, the following electrochemical corrosion reactions are involved 10) .
Anodic dissolution of steel: Fe → Fe 2+ + e -Cathodic reaction of hydrogen reduction:
Since atomic hydrogen formed by the reduction reaction is thermodynamically unstable, it tends to become the hydrogen molecule as soon as possible by the recombination reaction (H + H → H 2 ). However, H 2 S dissolved in aqueous environment suppresses effectively the recombination reaction and consequently, the hydrogen atoms are easily adsorbed on the steel surface and diffuse into the steel matrix 2) . In fact, the significant increase in hydrogen concentration of steels in sour environment has been demonstrated experimentally by numerous researchers 2, 5, 8) . However, there have been a number of mechanistic proposals of the enhancement of hydrogen adsorption and introduction in steels due to the poisoning effect by H 2 S [11] [12] [13] [14] . In 1965, Bockris et al. 11) and Bolmer et al. 12) have proposed the poisoning models. In 1974, Iofa et al. 13) have developed the mechanism of hydrogen entry as follows:
Step Since the compound tends to unstable, it is easily dissociated and consequently, adsorbed hydrogen atom is formed. Fig. 1 shows a schematic illustration of hydrogen adsorption mechanism in sour environment. These mechanisms are well known in the field of sour corrosion occurring in a variety of steels used for linepipe, process pipe and pressure vessel. 
Sour corrosion and corrosion products
With the depletion of high quality resources in oil and gas industry, the fraction of H 2 S gas is increased and as a result of that, the reduction in steel wall thickness caused by the anodic dissolution of the steel in sour environment becomes more serious engineering problem. To mitigate the problems, considerable efforts have been made to modify the composition of the steel, optimize the microstructure and reduce the inclusion/precipitate level in the steel.
According to Kim et al. 4) , the iron sulfide (FeS x ) film naturally precipitated as a result of corrosion reaction on the steel surface affects critically the hydrogen evolution rate and subsequent hydrogen diffusion into the steel matrix. Since the sulfides (FeS 1-x , FeS and FeS 2 ) have a good electric conductivity 15, 16) , they act not only as a barrier against the hydrogen diffusion but also as sites for the hydrogen reduction reaction.
Particularly, FeS 1−x forming in the initial stage has a lot of defects which make it porous film. Thus, high interfacial area of the porous sulfide film with high electric conductivity provides a lot of sites for the hydrogen reduction reaction.
This behavior has been experimentally demonstrated utilizing both potentiodynamic polarization and hydrogen permeation measurements 4) . Fig. 2 shows the potentiodynamic polarization curves and the morphology of the iron sulfide film on the pressure vessel steel with the increase in immersion time in H 2 S-saturated NACE solution 17) .
The figure clearly indicates that both cathodic reaction of hydrogen reduction and average roughness value (r a ) increase with increasing the immersion time. It suggests that the sulfide film with a rougher surface provides a larger interfacial area for the cathodic reaction associated with hydrogen reduction reaction.
It is known that the alloying element of Cu has a beneficial effect on the corrosion and HIC resistance of the steel used in sour environment [18] [19] [20] . Particularly, Inagaki et al. 18) have investigated the influence of Cu on hydrogen diffusion and HIC resistance in terms of the characteristics of iron sulfide (FeS x ) scale formed on the steel surface. Carneiro et al. 19) have also indicated that Cu promotes the formation of a protective film of the type (Fe Cu)S on the steel surface, which suppresses the hydrogen reduction reaction. On the other hand, Blondeau et al. 20) have suggested an alternative mechanism and they have reported that Cu accelerates the recombination of hydrogen atom to molecular hydrogen, resulting in the decrease in hydrogen activity. In the case of the effect of Ni on sour corrosion or HAC, it has not been clarified yet. Some literatures underline the adverse effect of Ni on SSC resistance of the steel 21) , whereas a beneficial effect 22) or no effect 23) of Ni have also been indicated. Considering these facts, there have been some contradictory results about the influence of the alloying element such as Cu and Ni on sour corrosion and HAC phenomena in the steel. For these reasons, Kim et al. 10) have tried to perform the quantitative and fundamental analysis on the effect of Cu and Ni on the sour corrosion behavior in terms of characteristics of the sulfide film. According to them, Cu and Ni bearing steel exhibits lower anodic current density and higher polarization resistance than only smaller Ni bearing steel. However, the cathodic current density of the steels increases with the immersion time up to 24 hours. These behaviors are closely associated with the characteristics of the sulfide film formed on the steel surface. The polarization behavior and cross-sectional morphology of the sulfide film formed on the steel surface can be identified in Fig. 3 and Fig. 4 , respectively. From the Fig.  4 , it is known that the sulfide film formed on the Cu and Ni bearing steel has smaller cracks and defects than that on the only smaller Ni bearing steel. EDS analysis also indicates that the protective nature of the sulfide film formed on the Cu and Ni bearing steel is attributed to the presence of Cu and Ni in the sulfide film.
They have also demonstrated that the Cu and Ni bearing steel is more resistant to HIC, which is mainly attributed to the decrease in diffusible hydrogen introduced in the steel.
Effect of tensile stress on hydrogen diffusion
As indicated above, the HAC phenomenon appears predominantly in the suspectible microstructure and the residual tensile stress caused by the thermal contraction during the welding process [24] [25] . In this regard, since 1970s, the effect of tensile stress on hydrogen permeation through various steels has been extensively investigated [26] [27] [28] [29] [30] . For this, the hydrogen permeation test was conducted utilizing a modified Devanathan and Stachurski cell 28) equipped with a constant load testing device, so that the specimen is subjected simultaneously to the hydrogen charging and straining during the permeation test. Since Bastien et al. 26) suggested that mobile dislocations generated by plastic deformation may carry hydrogen atom in the form of Cottrell atmospheres, the role of plastic deformation on hydrogen transport has been the important subject of numerous theoretical and experimental studies. Kurkela et al. 27) have also reported that mobile dislocations carry hydrogen atoms and they have found an increase in the apparent diffusivity of hydrogen by up to 5 orders of magnitude for Ni. On the contrary, the permeation experiments conducted by Kurkela et al. 28) with a bainitic 2.25Cr-1Mo steel, and by Zakroczymski et al. 29) with pure iron have indicated that dislocation acts as trap for hydrogen atom and therefore the significant decrease in permeation current at the onset of plastic deformation has been observed. Fig. 5 presents the hydrogen permeation transients under three different mechanical domains; generalized elasticity, local-plasticity and generalized plasticity. It is found from the Fig. 5 that the permeation flux increases under the tensile stress in generalized-elastic range, which is due mainly to the lattice expansion. On the contrary, slower diffusion and longer break-through time are observed in the steel under the tensile stress in local/generalized-plastic range. This can be explained by the fact that the plastically deformed steel contains a considerable number of dislocations acting as reversible trapping site for hydrogen atoms, and the hydrogen atoms could be additionally trapped at the expanded interfacial gap between the steel matrix/2 nd phase particles under the stress condition. Huang et al. 3) have also shown that the hydrogen diffusivity decreased as the plastic deformation increased in the static deformation experiments with pure iron, suggesting that hydrogen atoms diffusing in the steel membrane are trapped at dislocations and thus it takes longer time for hydrogen atoms to diffuse out of the steel. Kurkela et al. 28) have reported that the contradictory results are attributed to the difference of the binding energy between hydrogen and dislocation in materials. According to them, the binding energy of hydrogen atom to dislocations in BCC alloys is several times higher than that in FCC alloys and thus the dislocations in BCC alloys generated by plastic deformation enhance hydrogen trapping rather than transport, leading to decrease in the apparent diffusivity of hydrogen. Contrary to the plastic tensile stress, tensile stress in elastic range is not supposed to increase the concentration of trap for hydrogen atom and it is known that the apparent diffusion coefficient remains quite constant but the permeation flux increases slightly due mainly to the lattice expansion 2, 3) . Since the lattice parameters of the steel are reversibly enlarged, it can accommodate more hydrogen interstitially. Park et al. 5) has
shown the effect of elastic deformation on hydrogen permeation of API X65 grade linepipe steel. Townsend et al. 30) have also proposed that the increase in the permeation rate under the loading condition is ascribed to the increase in the exchange current density for the hydrogen reduction reaction on the steel surface even under elastic tensile stress. However, it has not been experimentally demonstrated.
With the experimental studies, theoretical models describing the hydrogen diffusion behavior in the steel membrane have been proposed [31] [32] [33] [34] [35] . In 
